Several recent papers have addressed the fundamental aspects of the stability and kinetics of ordering in complex oxides, and investigated systems where the properties are mediated by the degree of order. Cation ordering reactions have been shown to induce large alterations in the dielectric, ferroelectric, magnetic, and electronic response of many complex oxides. The majority of the cited publications focus on ion ordering in perovskite related structures; however, additional examples include the ordering of structural slabs and formation of modulated intergrowth structures.
the degree of order can induce significant alterations in, for example, magnetic behavior, electronic and ionic conductivity, magneto-resistance, and dielectric/ferroelectric properties.
This review focuses on publications from the last year, which have assessed either the fundamental aspects of order/disorder reactions in oxides or their effect upon a property response. The primary area of concentration is the substitutional ordering of cations, where two or more metal species exhibit differing degrees of long or short-range order on a set of structural sites. However, examples involving the ordering ions and vacancies, and different anions are also discussed. Excluded from this analysis is the related topic of charge ordering in oxides, which involves correlations between the different oxidation states of a single metal species.
Reviews of this type of order, which is very relevant to the behavior of Colossal MagnetoResistive (CMR) oxides, can be found elsewhere. [1] The review begins with a brief summary of papers that have investigated the fundamental aspects of the thermodynamics and kinetics of order/disorder reactions. The majority of the systems selected for the remainder of the review illustrate how order-disorder phenomena in perovskite-related structures can be important for control of properties. The review concludes with formation of intergrowth structures and a series of examples where the order involves modulations of specific structural slabs as opposed to individual ions.
Fundamental Studies.
Most recent investigations of the thermodynamics and kinetics of order/disorder reactions in inorganic systems have appeared in the mineralogical literature. [2, 3, 4] In this field characterizing and predicting the stability, rate, and mechanisms of ordering reactions is critical to geo-thermometry, geo-barometry, and geo-speedometry and can permit detailed analysis of the cooling history of mineral systems. The volume changes accompanying the ordering are also important in determining phase stabilities under high pressure conditions, and in certain cases (e.g. MgTi 2 O 5 ) induce large changes in compressibilities. [5, 6] A variety of diffraction and spectroscopic methods have been applied to characterize the degree of order in olivines, spinels, feldspars, and other mineral systems, and extensive efforts have been made to characterize and model the response of the order to changes in T and P. The most sophisticated and quantitative models for the thermodynamic aspects of these reactions have applied a Landau approach to convergent and non-convergent ordering. [2, [6] [7] [8] In the former two (or more) crystallographic sites become related when their average occupancy becomes equivalent. In this case the ordering produces a reduction in symmetry. In non-convergent ordering the sites never become related by symmetry, even if their occupancies are identical, because of a difference in local coordination or bonding (e.g. spinels). While expressions for the free energy of ordering in convergent systems have been developed for some time, it is only recently that Landau-based theory was adapted to non-convergent order. [6] [7] [8] The kinetics and mechanisms of substitutional order-disorder reactions have also been examined and modeled using Ginzburg-Landau rate laws. [ In addition to supporting many unique electronic responses (colossal magneto-resistance, superconductivity, ferroelectricity, etc.), the ABO 3 perovskite structure is able to accommodate a broad spectrum of chemical substitutions making it an ideal platform for probing correlations between chemistry, order, and properties. The permutations for inducing order in perovskites The B-site cation order in the corresponding Pb-based 1:2 relaxor ferroelectric perovskites (e.g. PMN) has been the subject of considerable debate. In contrast to their Ba and Sr counterparts, none of the Pb systems exhibit "stoichiometric" 1:2 cation order. Instead they adopt a 1:1 doubled perovskite structure that contains an ordered arrangement of two different cation sites. Although the order has been extensively examined, controversies exist regarding the composition of the cation sites and the relationship of the ordering to the relaxor properties of PMN. In the as-sintered forms of the PMN-type systems the 1:1order is confined to small nanosized domains that are dispersed in a disordered perovskite matrix. Because of the apparent absence of any growth of the ordered nano-domains with extended thermal annealing, for many years the ordering was interpreted using the "space charge" model. In this charge-imbalanced model the nano-domains were claimed to contain a 1:1 ratio of Mg and Nb, with electroneutrality being maintained by an Nb-rich matrix. However, a series of new studies have demonstrated that large domain, fully 1:1 ordered PMT (Pb(Mg 1/3 Ta 2/3 )O 3 ) and PMN relaxors can be prepared by using appropriate thermal treatments and incorporating small concentrations of B-site (e.g. Zr, Sc and Tb) and A-site (e.g. La) additives. [15] [16] [17] [18] The observation of extensive ordered domain growth contradicted the predictions of the space charge model, and instead the B-site order was interpreted using a charge-balanced "random site" model that had been applied previously to the substituted Ba dielectric systems. Additional verification of the random site model was obtained in studies of the Mg/Nb cation distributions using atomic resolution Zcontrast imaging [19] and small angle x-ray scattering [20] .
Prior to this new work the space-charge model had also been used to interpret the relaxor properties of PMN; in particular it was assumed that any coarsening of the nano-domains would Analysis of the magneto-resistive properties revealed a very large increase in the T c from 270K
for the disordered polymorph, to 335K for the A-site ordered sample.
Mixed Anion Order-disorder.
The formation of ordered mixed anion solid solutions and compounds offers a novel method for inducing reduced dimensionality in inorganic systems. 
Conclusions.
Examples of cation ordering reactions can be found throughout the inorganic solid state literature. In many cases the degree of order is a critical parameter in controlling and optimizing the property response. For perovskite systems several recent papers have shown that changes in the correlations of the cations on both the A-and B-sites can produce large alterations in dielectric response and conduction properties. Many advances have also been made in first principles calculation of the stability of cation ordering schemes; in the future it can be expected that these successes will be expanded to theory-led design of new systems. An increasing number of ordered anion systems are being discovered, this area also appears to be promising for new materials development.
